Introduction {#Sec1}
============

Pain and tenderness (systemic hyperalgesia) are common complaints in Gulf War Illness (GWI)^[@CR1]--[@CR3]^, Chronic Fatigue Syndrome (CFS)^[@CR4]^, and fibromyalgia (FM)^[@CR5]--[@CR8]^. The symptoms of myalgia and arthralgia are in the diagnostic criteria for all three conditions, but it is not clear if pain severity can distinguish between them. This ambiguity is of importance because (i) pain was not included as a distinguishing feature in the most recent reconceptualization of CFS as Systemic Exertion Intolerance Disease (SEID)^[@CR9]^, (ii) fatigue, unrefreshing sleep, and cognitive dysfunction were added to the 2010^[@CR6]^ and 2011^[@CR7]^ American College of Rheumatology criteria for FM, (iii) pain, fatigue, sleep and cognitive dysfunction are defining characteristics of GWI^[@CR2],[@CR3]^. Symptoms alone are insufficient to distinguish between these diseases.

An alternative approach to distinguish between GWI, CFS and FM may be to assess the sign of systemic hyperalgesia, the perception of physical discomfort elicited by pressure stimulation^[@CR10]^. Assessment of tenderness was only required for the 1990 FM criteria^[@CR5]^. Dolorimetry (algometry) was used to quantify the cutaneous pressure required to induce pain^[@CR11]--[@CR13]^. This semi-quantitative method provides a more robust and reproducible measurement than traditional tender point counts that are influenced by psychological status^[@CR14],[@CR15]^.

A confounding design in studies of hyperalgesia is to compare dolorimetry between tender (e.g. defined using 1990 FM criteria^[@CR5]^) versus nontender (general population) groups. Such a study design ensures a floor effect for pressures that cause pain in FM, a ceiling effect in the control group, and demarcation of a threshold of \~4 kg for separating the 2 groups. We avoided this confound by not using tenderness to define CFS or GWI status.

Systemic hyperalgesia may be present to some extent in CFS^[@CR16]^ and GWI^[@CR17]^, and so tenderness was stratified by comparison to sedentary control (SC) women. Females were studied because preliminary data suggested a sexual dimorphism.

A series of clinical research studies were designed to prospectively incorporate questionnaires about pain^[@CR18]^, fatigue^[@CR19]^, quality of life^[@CR20]^ and other variables^[@CR21]^, history of GWI^[@CR2],[@CR3]^, CFS^[@CR4]^ and FM^[@CR5]^, and physical examination for tender point counts and dolorimetry^[@CR5],[@CR13],[@CR14],[@CR16]^. CFS was defined using the 1994 Center for Disease Control (CDC) "Fukuda" criteria^[@CR4],[@CR22]--[@CR24]^. GWI was defined by 1998 Center for Disease Control criteria for Chronic Multisymptom Illness (CMI)^[@CR2]^ plus the 2000 Kansas criteria^[@CR3]^. FM was defined using the 1990 American College of Rheumatology criteria of widespread pain plus tenderness to thumb pressure at ≥11 of 18 traditional tender points^[@CR5]^. Subjects were excluded if they had chronic medical or psychiatric diseases that were exclusionary for CFS^[@CR22]--[@CR26]^. Three approaches were used to classify the women into GWI, CFS alone, FM alone, overlapping CFS plus FM (CFS/FM), and sedentary control (SC) groups. Pressure-induced pain measurements were compared to the severities of myalgia, arthralgia, fatigue, quality of life, and other variables. We proposed that the distributions of systemic hyperalgesia would stratify these clinical groups despite their symptomatic overlap. If so, neural mechanisms of systemic hyperalgesia may contribute to disease morbidity. The clinical implication was that the physical sign of tenderness may have potential as a diagnostic criterion in these conditions.

Results {#Sec2}
=======

The 920 women who were qualified for the study were assessed using 3 approaches. GWI women were deployed to the 1990-1991 Persian Gulf War and met both Chronic Multisymptom Illness (CMI)^[@CR2]^ and Kansas criteria^[@CR1],[@CR3]^ (n = 70). Participants who did not meet GWI, 1994 CDC CFS^[@CR4]^ or 1990 ACR FM^[@CR5]^ criteria were considered to be healthy sedentary control females (SC, n = 428). By the nature of their recruitment, SC included some subjects with chronic idiopathic fatigue, other disorders, and those with low dolorimetry thresholds without widespread pain. The remaining 422 women met 1994 Fukuda criteria for CFS^[@CR4]^ and/or 1990 FM criteria of widespread pain plus tenderness at ≥11 of 18 traditional tender points^[@CR5]^. In Approach 1, subjects were stratified by 1994 CFS criteria to generate groups of CFS~1994~ (n = 366, met 1994 CFS ± 1990 FM criteria) and FM~1994~ (n = 56, met 1990 FM but not 1994 CFS criteria). Approach 2 applied 1990 FM criteria \[5\] to select FM~1990~ (n = 252, met 1990 FM ± 1994 CFS criteria) and CFS~1990~ (n = 170, met 1994 CFS criteria but not 1990 FM criteria). GWI (n = 70) and SC (n = 428) groups were the same for each approach. The results of Approaches 1 and 2 were discussed in Supplementary Online Material. The major finding was the large overlap group who met both 1994 CFS and 1990 FM criteria (CFS/FM). Therefore, the final main approach defined 5 groups from the combination of the 3 diagnostic criteria: (i) GWI, (ii) CFS only, (iii) FM only, (iv) CFS plus FM (CFS/FM), and (v) SC.

In Approach 1, the 1994 CDC criteria^[@CR4]^ selected CFS~1994~ (n = 366), FM~1994~ (n = 56), GWI (n = 70) and SC (n = 428) groups before dolorimetry was assessed (Supplementary Table [S1](#MOESM1){ref-type="media"}). The diagnoses of CFS and GWI did not require tenderness, but both groups had significant systemic hyperalgesia compared to SC (Supplementary Fig. [S1](#MOESM1){ref-type="media"}, Table [S2](#MOESM1){ref-type="media"}). GWI had significantly lower dolorimetry pressures, higher tender point counts and McGill Total Pain scores than the CFS~1994~ group. The CFS~1994~ and FM~1994~ groups had equivalent systemic hyperalgesia. Quality of Life and other subjective scores were equivalent in GWI and CFS~1994~ and indicated significantly more impairment than the FM~1994~ and SC~1994~ groups (Supplementary Figs. [S2 to S4](#MOESM1){ref-type="media"}). Only the GWI group had correlations with explained variances R^2^ \> 0.25 between dolorimetry and symptom scores (Supplementary Table [S3](#MOESM1){ref-type="media"}). Age did not correlate with dolorimetry in any group in Approach 1 (Supplementary Fig. [S5](#MOESM1){ref-type="media"}).

Approach 2 used the 1990 FM criteria of widespread pain and tenderness to thumb pressure^[@CR5]^ to select the FM~1990~ (n = 252), CFS~1990~ (n = 170), GWI (n = 70) and SC (n = 428) groups. The dolorimetry results were shifted to the left for GWI and FM~1990~ and the threshold defined by receiver operating characteristics (ROC) remained at 4.5 kg (Supplementary Tables [S4](#MOESM1){ref-type="media"} and [S5](#MOESM1){ref-type="media"}). The CFS~1990~ group had a rightward shift towards the sedentary control group compared to CFS~1994~, and an increase in dolorimetry threshold to 6 kg by ROC (Fig. [S6](#MOESM1){ref-type="media"}). GWI had worse McGill Total Pain scores than CFS~1990~, FM~1990~ and SC groups (Supplementary Table [S4](#MOESM1){ref-type="media"}). However, scores for CFS Severity, MDFI and SF-36 quality of life domains were equivalent between GWI, CFS~1990~, and FM~1990~ and significantly worse than the SC group (Supplementary Figs. [S7 to S9](#MOESM1){ref-type="media"}). Again, only GWI had explained variances with R^2^ \> 0.25 for dolorimetry and symptoms (Supplementary Table [S6](#MOESM1){ref-type="media"}).

These outcomes indicated that biases were introduced when using only the 1994 CFS or 1990 FM criteria to select study participants because there was a large group of women who met both CFS and FM criteria ("CFS/FM", n = 196).

For the main approach, 1994 CFS^[@CR4]^ and 1990 FM^[@CR5]^ criteria were applied to select CFS (n = 170, not 1990 FM), CFS/FM (n = 196, both 1994 CFS and 1990 FM), FM (n = 56, not 1994 CFS), GWI and SC. Average age was in the 5^th^ decade, but GWI women were older than SC (Table [1](#Tab1){ref-type="table"}). CFS had the highest proportion of Caucasians. All 70 GWI females met CFS criteria, and 60 met FM criteria.Table 1Stratification and demographics. Subjects were divided based on 2000 Kansas GWI^[@CR2],[@CR3]^, 1994 CFS^[@CR4]^, and 1990 FM criteria^[@CR5]^. Differences between outcomes (mean ± SD) were compared by ANOVA followed by Tukey Honest Significant Difference and nonparametric Kruskal-Wallis and Mann-Whitney tests for dolorimetry (p \< 0.05).Entry criterionFemales with dolorimetry measurementsExclusionsChronic medical or psychiatric diseasesGWI status^[@CR1]--[@CR3]^Gulf War exposures in 1990 & 1991 + Kansas GWI criteria \[3\]YesNoGWINot GWICFS status Fukuda Criteria, 1994^[@CR4]^6 months of disabling fatigue without explanation plus ≥4 of 8 ancillary criteria \[4\]YesYesNoYesNoGWICFSNot CFSCFSNot CFS1990 FM status^[@CR5]^ Not assessed a prioriWidespread pain + Tender points by thumb pressure \[5\]≥11/18 tender points\<11/18 tender pointsYesYesNoNo**GroupsGWICFS/FMFMCFSSC**N7019656170428Age (years)48.2 ± 11.4\*45.5 ± 12.146.4 ± 14.045.0 ± 10.942.7 ± 13.5% Caucasian65.2%77.7%64.4%85.6%60.2%Dolorimetry (kg)2.9 ± 1.6\*,^†^3.1 ± 1.4\*,^†^3.9 ± 1.4\*,^†^5.8 ± 2.1\*7.2 ± 2.4Mann-Whitney tests vs SCp \< 0.0001p \< 0.0001p \< 0.0001p \< 0.0001Kruskal-Wallis k = 5 p \< 0.0001Mann-Whitney tests vs CFSp \< 0.0001p \< 0.0001p \< 0.0001Kruskal-Wallis k = 4 p \< 0.0001excludedMann-Whitney tests vs FMp \< 0.0001p \< 0.0001Kruskal-Wallis k = 3 p \< 0.0001excludedexcludedMann-Whitney tests vs CFS/FMp = 0.071excludedexcludedexcludedexcludedRange0.2 to 7.20.5 to 8.30.6 to 9.81.4 to 12.50.4 to 12.5Median2.62.93.65.56.91^st^ quartile1.82.02.94.45.53^rd^ quartile3.53.74.46.68.8Skewness0.9360.9111.5420.7480.125Kurtosis0.5551.4235.6580.583−0.580Tender point counts (0-18)12.7 ± 5.1\*,^†^13.3 ± 4.7\*,^†^11.4 ± 4.6\*,^†^5.0 ± 3.7\*3.3 ± 3.9McGill Pain Total Score21.5 ± 11.9\*15.6 ± 9.1\*,^‡^9.4 ± 7.6^‡^12.2 ± 8.7\*,^‡^3.2 ± 6.3^‡^n = 57n = 64n = 18n = 26n = 75Significantly different by ANOVA and Tukey HSD \< 0.05 compared to: \*SC, ^†^CFS, ^‡^GWI.

The coefficient of variability for dolorimetry was 9.3% for 57 women who had serial measurements on 3 days by different staff members. The Pearson correlation coefficient between thumb pressure tender point counts and dolorimetry pressure thresholds was −0.862 for all subjects (explained variance = 0.742). Dolorimetry distributions were not normal by one-sample Kolmogorov-Smirnov tests with Lilliefois corrections (p \< 0.028) but were skewed to the right (Table [1](#Tab1){ref-type="table"}). Kruskal-Wallis and Mann-Whitney tests were significant (p \< 0.0001) for all comparisons except GWI vs. CFS/FM indicating that every subgroup had significant systemic hyperalgesia compared to SC. Tenderness was reported as median with 1^st^ and 3^rd^ quartiles.

Bins of 0.5 kg were used to rank subjects for frequency analysis. SC females had a very wide and squat frequency distribution (7.2 ± 2.4 kg, mean ± SD, Table [1](#Tab1){ref-type="table"}) that extended from 0.4 to 12.5 kg (Fig. [1](#Fig1){ref-type="fig"}). Dolorimetry pressure levels (kg) were significantly lower in GWI, CFS/FM and FM than SC (Tukey HSD \< 0.05), while CFS had an intermediate level that was also significantly lower than SC (p \< 0.0001 by Mann-Whitney test, Table [1](#Tab1){ref-type="table"}). ROC defined a dolorimetry threshold of ≤4.0 kg for GWI (sensitivity = 0.800, AUC = 0.905) and CFS/FM (sensitivity = 0.832, AUC = 0.906) with specificities = 0.853 (Supplementary Table [S7](#MOESM1){ref-type="media"}). Sensitivity and specificity for GWI were slightly reduced because of a bimodal distribution with about 10% of women in a second peak with pressure thresholds at 6 to 8 kg (Fig. [1](#Fig1){ref-type="fig"}). The threshold for FM was 4.5 kg (sensitivity = 0.786, specificity = 0.811, AUC = 0.848), and ≤6.0 kg for CFS (sensitivity = 0.645, specificity = 0.645, AUC = 0.672) (Fig. [1](#Fig1){ref-type="fig"}).Figure 1Dolorimetry frequency analysis using bins of 0.5 kg. The distributions of average pressure thresholds causing pain (**A**) were shifted to the left in GWI (red diamonds and line), CFS/FM (blue triangles and line) and FM (orange diamonds and line) compared to SC (white circles, black line) females. The distribution for CFS overlapped the SC group but was significantly different by Mann-Whitney test (p \< 0.0001). Thresholds of 4.0 kg for GWI and CFS/FM (vertical red dashed line), and 4.5 kg for FM (vertical orange dashed line) were defined by ROC (**B**).

GWI, CFS and CFS/FM had equivalent scores for the 9 Chronic Fatigue Syndrome Symptom Severity questionnaire items (Fig. [2](#Fig2){ref-type="fig"})^[@CR21]^. Scores were significantly higher than both FM and SC. FM had intermediate scores that were greater than SC for Fatigue, Cognition and Arthralgia. Myalgia was an exception because CFS/FM scores were higher than both CFS and FM, while FM scores were elevated and equivalent to CFS.Figure 2Chronic Fatigue Syndrome Symptom Severity Questionnaire \[21\]. GWI, CFS and CFS/FM had significantly worse symptoms over the past 6 months (mean ± SD) compared to SC (\*) and FM (†). CFS/FM (‡) had significantly worse myalgia than CFS. ANOVA (p \< 0.05) was followed by Tukey's Honest Significant Difference (p \< 0.010) plus FDR (p \< 0.005) to correct for all data comparisons.

The sum of Myalgia and Arthralgia scores was calculated as a proxy for total body musculoskeletal pain symptoms. SC had a floor effect with low scores of 0 to 2 in 82% of subjects (Fig. [3](#Fig3){ref-type="fig"}). The FM group had a mode of 4, and was distinguished from SC by a threshold of ≥3 (86.4% sensitivity, 82.0% specificity). CFS also had a threshold of ≥3 but had a broader range of scores (89.3% sensitivity, 82.0% sensitivity). The GWI and CFS/FM groups had the highest scores with a threshold of ≥4 and sensitivities of 84.0% and 91.3%, respectively, and specificities of 88.1%. Overall, a score of 4 out of 8 had sensitivity of 84.2% and specificity of 88.1% for selecting subjects with pain. These results establish that muscle and joint pain are significant components of GWI, CFS and FM.Figure 3Sum of myalgia plus arthralgia scores. (**A**) The frequency distribution for SC (black line, white circles) was shifted to the left (floor effects compared to FM (blue line and diamonds), CFS (yellow line and squares), CFS/FM (green line and white squares), and GWI (red line and triangles). (**B**) Threshold scores of ≥3 for CFS and FM (vertical blue dashed line), and ≥4 for GWI and CFS/FM (vertical red dashed line) were defined by ROC.

Multidimensional Fatigue Inventory domain scores were equivalent for GWI, CFS and CFS/FM, and significantly higher than FM and SC (Fig. [4](#Fig4){ref-type="fig"}) for General Fatigue, Physical Fatigue, Reduced Activity and Reduced Motivation. SC had significantly lower Mental Fatigue than the other 4 groups.Figure 4Multidimensional Fatigue Inventory Domain scores (mean ± SD) \[19\]. GWI (pink), CFS (green) and CFS/FM (grey) had significantly worse fatigue than SC (\* yellow) and FM († blue) using ANOVA (p \< 0.05) followed by Tukey's Honest Significant Difference (p \< 0.010) plus FDR (p \< 0.005) to correct for all data comparisons.

Physical Function, Role Physical and Vitality domain scores of the SF-36 quality of life survey were equivalent for GWI, CFS and CFS/FM, and significantly worse than both SC and FM groups (Fig. [5](#Fig5){ref-type="fig"}). Bodily Pain, Social Function and General Health were also equivalent for these 3 groups and worse than SC. Mental Health was equivalent between all groups. Wide variances for the SC group reflect the inclusion of chronic idiopathic fatigue and chronic rhinosinusitis subjects in the sedentary control group.Figure 5SF-36 domain scores (mean ± SD) \[20\]. Physical Function, Role Physical and Vitality were significantly worse for GWI, CFS and CFS/FM compared to SC (\*) and FM (†) by ANOVA followed by Tukey's Honest Significant Difference (p \< 0.05) plus FDR (p \< 0.005) to correct for all data comparisons.

Pain thresholds (kg) measured by dolorimetry were highly correlated with the number of tender points determined by thumb pressure, particularly in the FM and SC groups that were distinguished by the presence or absence, respectively, of tenderness to pressure (Table [S8](#MOESM1){ref-type="media"}). Only the GWI group had other correlations with R \> 0.5 (R^2^ \> 0.25) for dolorimetry versus joint pain, muscle pain, exertional exhaustion, fatigue, Physical Functioning, Bodily Pain, Social Functioning, Reduced Activity and Physical Fatigue. Important negative findings were the absence of correlations between pain thresholds and age, sleep, cognition, and Mental Health.

Dolorimetry pain thresholds (kg) were correlated with the number of tender points determined by thumb pressure in all 4 groups (Table [2](#Tab2){ref-type="table"}). However, only GWI had meaningful correlations (R^2^ \> 0.2) with pain, physical functioning and other variables.Table 2Main approach explained variances (R^2^) from Pearson correlations between dolorimetry (kg) and domain scores for each group.GWICFSCFS/FMFMSCTender point count0.4790.5910.5440.6330.629≥11/18 tender points0.3260.0220.3590.4150.212McGill Total Pain Score0.3200.1220.1730.1490.112**SF-36**Physical Functioning0.3540.0110.1670.0010.000Bodily Pain0.3280.0050.0930.0000.005Social Functioning0.2710.0000.0960.0260.000Role-Physical0.2450.0500.0110.0380.003Role-Emotional0.1640.0140.0000.0000.004General Health0.1210.0120.0710.0090.001Mental Health0.0980.0950.0010.0010.001Vitality0.0630.0020.0960.0020.003**CFS Symptom Severity Scores**Joint pain0.4570.0010.0390.0020.031Muscle pain0.4370.0340.1250.1780.054Exertional exhaustion0.3770.0130.0370.2130.007Fatigue0.2560.0030.0180.0550.020Disturbed sleep0.1620.0000.0440.1490.009Throat0.1450.0000.0080.0030.033Sore lymph nodes0.1010.0080.0240.0850.009Headache0.0810.0480.0000.1580.001Memory & concentration0.0200.0010.0520.0250.002**Multidimensional Fatigue Inventory**Reduced Activity0.3020.0050.0160.0000.014Physical Fatigue0.2690.0050.0330.0230.032Reduced Motivation0.1880.0020.0060.0020.018General Fatigue0.1800.0010.0170.0010.000Mental Fatigue0.0500.0190.0160.0190.001Age0.0060.0180.0100.0010.000

The Pearson correlations between the sum of myalgia and arthralgia scores (Fig. [3](#Fig3){ref-type="fig"}) and kg by dolorimetry found a significant correlation for GWI (R^2^ = 0.515), but low explained variances for the other groups (Supplementary Fig. [S10](#MOESM1){ref-type="media"}). SC showed floor effects (R^2^ = 0.055). The correlation for myalgia plus arthralgia scores with tenderness in GWI suggests the hypothesis that mechanisms of systemic hyperalgesia contribute to pain perception in GWI females.

Age did not correlate with dolorimetry in any of these cross-sectional groups as shown by the horizontal regression lines in Fig. [6](#Fig6){ref-type="fig"}. This suggested systemic hyperalgesia thresholds did not increase with age in these groups. Dolorimetry thresholds were highest in SC women over the entire age range. GWI and CFS/FM had the greatest tenderness.Figure 6Age distributions of dolorimetry pain thresholds. The y-intercepts (kg) from linear regression lines were used to rank groups as: SC \> CFS \> FM \> GWI \> CFS/FM (**A--E**). All regression lines were horizontal with R^2^ \< 0.018 indicating no significant correlations for dolorimetry with age (**F**).

Discussion {#Sec3}
==========

Systemic hyperalgesia was found for GWI (Fig. [1](#Fig1){ref-type="fig"})^[@CR17]^, CFS defined by 1994 criteria^[@CR16]^ (Fig. [S1](#MOESM1){ref-type="media"}), and FM when defined using 1990 criteria (Fig. [S6](#MOESM1){ref-type="media"})^[@CR5]^. Approaches 1 and 2 (Supplementary Online Materials) demonstrated the biases introduced by using only the 1994 CFS or 1990 FM criteria, respectively, as the primary selection instrument for case designation, and the large contribution by subjects who met both criteria. This confound was avoided in our main approach by stratifying subjects into CFS/FM, CFS and FM. As a result, dolorimetry thresholds in kg were ranked as SC \> CFS \> FM \> CFS/FM \> GWI (Table [1](#Tab1){ref-type="table"}, nonparametric tests). In contrast, symptom severities and impairment were ranked GWI = CFS/FM = CFS \> FM \> SC (Figs. [2](#Fig2){ref-type="fig"}--[5](#Fig5){ref-type="fig"}). Therefore, the two groups with the greatest tenderness, GWI and CFS/FM, also had the worst symptom scores. However, only GWI had dolorimetry pressure thresholds that correlated with symptom severities (Table [2](#Tab2){ref-type="table"}). The CFS and FM subgroups did not have correlations between symptoms and systemic hyperalgesia. This suggests that the neural mechanisms for self-reporting perceptions of painful sensations are different from the gating mechanisms for nociceptive signal transmission in systemic hyperalgesia.

Recognition of the sizable CFS/FM group is important for reconciling the 1994 CFS criteria with the pain and tenderness of the 1990 FM criteria, and the overlap of pain, fatigue, cognition, sleep and somatic complaints in the 2010 and 2011 FM criteria (Table [3](#Tab3){ref-type="table"}). The CFS/FM group is relevant to the 2015 SEID criteria^[@CR9]^ that did not include pain symptoms because pain was not unique to CFS. However, the CFS/FM group (54% of CFS subjects, Fig. [7](#Fig7){ref-type="fig"}) indicated systemic hyperalgesia and pain are important components of the CFS experience that should be addressed in the clinical management of CFS subjects. There have been many more clinical trials of antinociceptive drugs in FM than CFS; the overlap group may provide a rationale for using these drugs for CFS patients who also meet 1990 FM criteria^[@CR5]^. Approach 2 found significant pain in CFS~1990~ CFS women^[@CR4]^ who did not meet 1990 FM criteria or have systemic hyperalgesia; they may also benefit from these drugs despite the lack of clinical trials in CFS. Of interest was the subset of FM subjects who had pain without tenderness indicating that mechanisms regulating the self-report of pain and systemic hyperalgesia may be unlinked in this subgroup^[@CR27]^. CFS/FM was 78% of the 1990 FM group, but this is probably an overestimate because we did not specifically recruit subjects who self-identified as FM. The poor correlations between dolorimetry and subjective measures of pain (Supplementary Table [S6](#MOESM1){ref-type="media"}) demonstrate that pain and systemic hyperalgesia were not synonymous pathological processes, and may have distinct mechanisms and responses to therapies. In general, GWI, CFS/FM and CFS groups had equivalent subjective complaints that were significantly worse than the FM only group (Figs. [2](#Fig2){ref-type="fig"}--[5](#Fig5){ref-type="fig"}).Table 3Overlap of diagnostic criteria.Chronic Multi-symptom Illness (CMI) 1998GWI "Kansas" 2000CFS "Fukuda" 1994FM 1990FM 2010SEID 2015TendernessMusculo-skeletalPainMyalgiaWidespread PainWidespread PainArthralgiaFatigueFatigue, SleepFatigueFatigueFatigueSleepWaking unrefreshedWaking unrefreshed Post-exertional malaisePost-exertional malaisePost-exertional malaiseCognition, MoodCognition, Mood, NeurologicalCognitionCognitionCognitionHeadacheGastrointestinalSomatic symptoms**\***RespiratorySore throatSkinSore lymph nodesOrthostatic Intolerance≥1 chronic symptom in ≥2 categories≥3 of 6 categoriesFatigue plus ≥4 of 8Pain + TendernessSeverity scoresModerate or severe \>50% of time\*Replaced by headache, feeling depressed and abdominal pain in 2011^[@CR7]^.Figure 7Venn diagram of main approach. GWI and CFS/FM females had the greatest tenderness and worst symptom severities. However, systemic hyperalgesia and symptoms were only correlated for GWI women.

The systemic hyperalgesia in GWI women generated the hypothesis that dolorimetry pressure thresholds may be a biomarker of GWI in females exposed to the conditions of the 1990--1991 Persian Gulf War^[@CR1]^. This hypothesis can be tested in Department of Veterans Affairs Medical Centers and other clinical systems by using dolorimetry as a Common Data Element in longitudinal and epidemiological studies, and by incorporating this measurement into the standard clinical physical examination. Techniques of thumb pressure for tender point counts and dolorimetry are skills that would need to be taught to generalists, nurses, physiotherapists or specialists working with GWI veterans^[@CR11]--[@CR14],[@CR16],[@CR28]^. Future studies may determine that there is a smaller set of tender points or other regions such as the thumb nail bed that are suitable for mass screening of systemic hyperalgesia. Other standardized methods of pressure testing may be more easily accommodated into clinics^[@CR29]^. Heat^[@CR11],[@CR30]^ or other modalities may be alternative stimuli for testing systemic hyperalgesia. Neural plasticity and disruption of somatosensory and interoceptive sensing and regulatory pathways in GWI, CFS, and allied disorders^[@CR31]--[@CR35]^ may contribute to mechanisms of migraine^[@CR17],[@CR36]^, nonallergic rhinitis^[@CR16],[@CR37]--[@CR39]^, dyspnea^[@CR40]^, pelvic pain, and other interoceptive discomfort that is referred from mucosal and visceral organs. Adaptation of research methods or creation of innovative devices that access these sensory modalities and organs may provide additional options for studying systemic hyperalgesia and allodynia in these diseases.

Questionnaires addressing the symptom severities of the Kansas^[@CR41]^ and CFS^[@CR21]^ criteria can be adapted for use on electronic health record dashboards for physicians during routine clinic visits, and in larger clinical research studies to determine if there are clusters of symptoms plus systemic hyperalgesia that help to identify GWI phenotypes. Future epidemiological studies will be needed to define the frequency distribution of systemic hyperalgesia in deployed and nondeployed Gulf War era veterans. Prospective studies of veterans from other conflicts may identify subgroups with sudden onset of pain and systemic hyperalgesia, or more gradual progression after toxic or other military exposures. A comprehensive set of Common Data Elements^[@CR42]^ that assess this wide array of signs, symptoms and organ systems in an interdisciplinary fashion may provide much needed clinical understanding of the overlap between GWI, CFS, FM, sensitization syndromes, migraine, irritable bowel syndrome and affective disorders^[@CR1],[@CR3],[@CR17],[@CR34],[@CR43]--[@CR47]^ and insights into molecular pathophysiological mechanisms^[@CR6]^.

Age was not correlated with dolorimetry measurements in any group (Fig. [6](#Fig6){ref-type="fig"}). Control women had a wide range of pressure thresholds but did not have any skewed or bimodal distributions that would suggest a trend towards tenderness with increasing age. This is relevant to the development of GWI and CFS/FM. If women who enlisted in the military before 1990 were representative of the general population, then it is reasonable to conclude that some aspect of their 1990-1991 exposures^[@CR1]^ caused the significant, step-like decrease in dolorimetry thresholds and development of chronic systemic hyperalgesia of GWI. The small modes above 6 kg in GWI and CFS without 1990 FM (Figs. [1](#Fig1){ref-type="fig"} and [5](#Fig5){ref-type="fig"}) demonstrate the discontinuity in systemic hyperalgesia that contrasts with the smooth gradient in control subjects. Pathological mechanisms that induce systemic hyperalgesia in GWI women may provide insights into tenderness in CFS/FM and FM. Conversely, one may argue that GWI and CFS women with tenderness originated in the lower left tail of the normal distribution of SC subjects, and that their tenderness at a young age was a risk factor for future development of GWI and CFS. This appears untenable given the high prevalence of GWI in the deployed military and absence of an association of tenderness with age in any group.

There are several limitations to this study. The identical set of questionnaires was not completed by all subjects. This limited the correlations between dolorimetry and these subjective measures, and prevented multivariate analysis. The results cannot be generalized to males. Subjects with inflammatory diseases were excluded based on the CFS criteria, but are commonly included in studies of FM. We did not specifically recruit FM females, and in particular did not recruit using the 2010 or 2011 FM criteria. The outcomes may be modeled to fit the pain, fatigue, sleep and somatic complaints criteria of FM defined by 2010 criteria^[@CR6]^, but the absence of inquiries into orthostatic intolerance and flu-like complaints precluded assessment of the Canadian Consensus Criteria for ME/CFS^[@CR48]^ and 2015 SEID^[@CR9]^ criteria. Separate analyses are needed to assess systemic hyperalgesia in ME/CFS, SEID, and FM defined by 2011 criteria^[@CR7]^. Common Data Elements^[@CR42]^ that more fully characterize CFS and GWI symptoms and co-existing disorders such as migraine and irritable bowel syndrome will help to identify relationships with systemic hyperalgesia and disease phenotypes. Other objective outcomes and potential metabolomics biomarkers were not assessed. Future studies will be needed to evaluate potential correlations of dolorimetry with exposure histories, causation, genetic predispositions, lifestyle diatheses, resilience, catastrophizing, childhood abuse, affective and other variables. General linear modeling regression methods will help parse out significant contributors to systemic hyperalgesia versus symptom profiles. Prospective longitudinal studies in large military and civilian populations are needed to evaluate the relationships of these multivariate outcomes to pain and tenderness. This information will generate new hypotheses about neural mechanisms of systemic hyperalgesia.

In conclusion, GWI women have systemic hyperalgesia that correlated with their pain, quality of life, and fatigue ratings (Table [2](#Tab2){ref-type="table"}). Dolorimetry is an inexpensive tool that can be widely taught and deployed as a routine "vital sign" as part of standard care in Department of Veterans Affairs Medical Centers and other clinical systems. This data would provide a database for understanding the development of systemic hyperalgesia in military and civilian populations who are at risk to develop CFS and FM. CFS females had comparable tenderness to GWI, but dolorimetry had lower sensitivity and specificity in CFS. The CFS/FM overlap group have symptoms similar to subjects defined by the 2010 and 2011 FM criteria that include fatigue, cognition, and sleep symptoms, but the distribution of systemic hyperalgesia was not evaluated here using the newer FM criteria. Identification of systemic hyperalgesia as a physical sign is of value because brainstem and descending mechanisms that regulate nociception^[@CR49],[@CR50]^ may be targets for novel therapies to treat pain and tenderness in GWI and CFS.

Methods {#Sec4}
=======

A long term plan was developed to collect pain, fatigue, dolorimetry and other diagnostic features for a large group of GWI, CFS and control subjects, and to analyze these features in cross-sectional fashion. Subjects gave written informed consent to participate in rhinitis, sinusitis, allergy, CFS and GWI studies that were approved by the Georgetown University Institutional Review Board, Department of Defense Congressionally Directed Medical Research Program Human Research Program Office, and registered on clinicaltrials.gov as NCT00810225, NCT00810329, NCT00810368. All clinical investigations were conducted in accordance with the principles expressed in the Declaration of Helsinki.

Participants (n = 1462) were screened using questionnaires^[@CR18]--[@CR21],[@CR51],[@CR52]^, history and physical examinations for diagnosis of CFS^[@CR4]^, GWI^[@CR2],[@CR3]^ and FM^[@CR5]^, confirmation of sedentary lifestyle (less than 2 periods of 20 minutes length each for aerobic activity per week), and identification of exclusionary medical or psychiatric conditions^[@CR22]--[@CR26]^. FM subjects with autoimmune and other inflammatory diseases were excluded.

CFS was defined using the 1994 Center for Disease Control (CDC) "Fukuda" criteria^[@CR4]^ of disabling fatigue lasting more than 6 months that cannot be explained by exclusionary medical or psychiatric diagnoses, plus 4 of the 8 ancillary symptoms: myalgia, arthralgia, short term memory or concentration problems, sore throat, sore lymph nodes, headache, sleep disturbance, and post-exertional malaise (exertional exhaustion) (Table [3](#Tab3){ref-type="table"})^[@CR22]--[@CR24]^. Carruthers Canadian Consensus Criteria for Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) contain the same elements but emphasize post-exertional malaise and add a series of somatosensory and autonomic items that reproduce symptoms of acute flu-like illnesses^[@CR48]^. In 2015, CFS was reconceptualized by the Institute of Medicine as Systemic Exertion Intolerance Disease (SEID)^[@CR9]^ (Table [3](#Tab3){ref-type="table"}). Pain was not a component of the SEID definition because there was insufficient evidence in the literature to infer that nociceptive complaints were unique to CFS. Systemic hyperalgesia was evaluated in CFS to clarify this diagnostic issue, and to determine if there was a potential CFS phenotype with systemic pain and tenderness.

Gulf War Illness has developed in 25% to 32% of the 697,000 U.S. military personnel deployed to the Persian Gulf in 1990 to 1991^[@CR1]^. The rate in nondeployed forces may have been 15%^[@CR2]^. In 1998 the CDC proposed the Chronic Multisymptom Illness (CMI) criteria that defined cases by having ≥1 chronic symptom from at least 2 of 3 categories (musculoskeletal pain, fatigue, mood-cognition)^[@CR2]^. The 2000 Kansas criteria were based on symptoms that were significantly more prevalent in deployed than nondeployed personnel^[@CR3]^. Cases were defined by having symptoms in at least 3 of 6 categories: musculoskeletal pain, fatigue/sleep, neurological/cognitive/mood, respiratory, gastrointestinal, and skin. Symptoms, systemic hyperalgesia^[@CR17]^, and long term health consequences for female veterans have not been studied as extensively as men^[@CR53]^.

Fibromyalgia (FM) has been considered the prototypical illness of pain and tenderness^[@CR28],[@CR54]^. Clinical criteria have evolved over the years. The 1990 American College of Rheumatology criteria for FM required widespread pain plus tenderness to thumb pressure at ≥11 of 18 traditional tender points^[@CR5]^. Pressure should be sufficient to blanch the thumb nail bed, or approximately 4 kg^[@CR28]^. However, tender point counts may correlate with catastrophizing, general distress, fatigue, depression and sleep alterations, and may be independent of pain^[@CR11]--[@CR15]^. The technique is challenging to calibrate and standardize between investigators. Tenderness in FM is present diffusely throughout the body, and is not localized to the 18 specified sites^[@CR13]^. Therefore, tender point counts were removed from the 2010 revision of the FM criteria^[@CR6],[@CR55]^, even though the concept of tenderness is still considered important for FM diagnosis in clinical practice^[@CR6],[@CR55]--[@CR58]^. The 2010 revision retained widespread pain, and was expanded to include graded assessments of the severity of fatigue, cognitive difficulties, problems upon waking up, and somatic complaints (Table [1](#Tab1){ref-type="table"})^[@CR14],[@CR59]^. A modification in 2011 maintained widespread pain, fatigue, cognition, and sleep, but changed somatic complaints to nominal confirmation of headache, lower abdominal pain, and feeling depressed^[@CR7]^. These modifications increased the overlap between the criteria for FM, CFS and GWI, and blurred distinctions between these clinical entities. We predicted that systemic hyperalgesia, which is typically associated with fibromyalgia, would be more severe in FM than GWI and CFS, and so help resolve differences between these symptom-based case designations.

Dolorimetry was performed with a strain gauge (DPP gauge; Chatillion Products, Ametek Inc, Largo, FL) fitted with a 1 cm^2^ rubber stopper with pressure applied at a rate of 0.5 to 1 kg/s against the 18 traditional tender points^[@CR5],[@CR12],[@CR16]^. The end point was the pressure that caused the subject to state that she was experiencing pain. A key aspect was to ensure that the patient felt in control of the process and had trust that the operator would stop pressing as soon as she indicated pain had developed. The mean of the 18 measurements was the dolorimetry pressure threshold. The coefficient of variation for repeated assessments was measured in a subset of women who had serial measurements taken daily by different trained staff members during 3 day in-patient studies.

Preliminary analysis used 2 stratification schemes to classify the 920 qualified women into GWI^[@CR2],[@CR3]^, CFS^[@CR4]^, FM^[@CR5]^ and sedentary control (SC) groups. GWI women were deployed to the 1990-1991 Persian Gulf War and met both Chronic Multisymptom Illness (CMI)^[@CR2]^ and Kansas criteria^[@CR3]^ (n = 70). Participants who did not meet GWI, CFS or FM criteria were considered to be healthy sedentary control females (SC, n = 428), but included some subjects with chronic idiopathic fatigue and low dolorimetry thresholds without widespread pain. The remaining 422 women met 1994 Fukuda criteria for CFS^[@CR4]^ and/or 1990 FM criteria of widespread pain plus tenderness at ≥11 of 18 traditional tender points^[@CR5]^. In Approach 1, subjects were stratified by 1994 CFS criteria to generate CFS~1994~ (n = 366) and FM~1994~ (n = 56) groups. Approach 2 applied 1990 FM criteria^[@CR5]^ to select CFS~1990~ (n = 170) and FM~1990~ (n = 252) groups. The methods and results were discussed in Supplementary Online Material. The major finding was the large overlap group who met both 1994 CFS and 1990 FM criteria (CFS/FM). Therefore, the final approach defined 5 groups from the combination of the 3 diagnostic criteria: (i) GWI, (ii) CFS only, (iii) FM only, (iv) CFS plus FM (CFS/FM), and (v) SC. Demographics, dolorimety and questionnaire scores were evaluated for each of the 3 approaches.

The primary goal was to determine the frequency distributions of dolorimetry pressure thresholds in order to assess systemic hyperalgesia in GWI, CFS, FM, CFS/FM, and SC groups. Because the women were tested in separate studies, this was a cross-sectional study in groups of convenience and not an epidemiological or longitudinal study.

The secondary goal was to assess the CFS Severity questionnaire^[@CR21]^, McGill Pain Inventory^[@CR18]^, Multidimensional Fatigue Inventory (MDFI)^[@CR21]^, and Medical Outcome Survey Short Form 36 questions (SF-36)^[@CR20]^ to characterize symptom profiles and disability in each group. Unfortunately, different combinations of questionnaires were used in some studies and some subjects did not complete their forms. As a result, the data were analyzed for univariate correlations and not by multivariate regression.

The third goal was to correlate dolorimetry thresholds with the questionnaire domain scores.

Data were analyzed in SPSS v.22. Group results were compared by ANOVA followed by Tukey Honest Significant Difference and False Discovery Rate to correct for multiple comparisons (p \< 0.05), and were reported as mean ± standard deviation. Dolorimetry data were assessed by Kolmogorov-Smirnov tests and were not normally distributed. Nonparametric Kruskal-Wallis tests were used to determine if groups had significant differences. Differences between pairs of groups were determined by Mann-Whitney tests (p \< 0.05). Dolorimetry thresholds that distinguished illness groups from sedentary controls were determined by receiver operating characteristics. Dolorimetry was correlated with questionnaire and other variables by Pearson's method, and explained variances (R^2^) were calculated.
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